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Introduction
Despite intense drug development efforts during the past 40 years, the treatment of neurological conditions remains problematic and largely restricted to symptom control. The "holy grail" of pharmaceutical drug development is specificity and selectivity for identifiable downstream pathways of complex biological networks. The pharmacological blockade of selected pathways might be suitable for symptom control, but is unlikely to affect complex pathogenic processes in neurology that involve entire molecular, biochemical, and physiological networks.
In this regard, normal brain function depends on tightly controlled network homeostasis that is coupled to brain bioenergetics and metabolism. The modulation of adenosine signaling, a key link between brain bioenergetics and neuronal and astrocytic network homeostasis, is considered a rational therapeutic approach to treat neurological conditions on a network level in conditions ranging from epilepsy to schizophrenia Boison and Stewart 2009; Boison et al. 2011; Boison et al. 2012) . The net effect of adenosine in most brain areas is the inhibition of neuronal activity mediated by adenosine A 1 receptors (A 1 R), the predominant adenosine receptor subtype in the hippocampus. The potent antiepileptic activity of adenosine depends largely on the availability of A 1 Rs (Dunwiddie 1980) , though other adenosine receptors may also play a role (Etherington and Frenguelli 2004; Roseti et al. 2008 Roseti et al. , 2009 Sebastião and Ribeiro 2009; Sebastião 2010) .
Adenosine A 2A receptors (A 2A R) in the hippocampus are largely devoted to regulating the activity of other neuromodulators (Sebastião and Ribeiro 2009) . For example, A 2A R activation gates the synaptic actions of brain-derived neurotrophic factor (BDNF), which are fully lost upon A 2A R blockade (Diógenes et al. 2004 (Diógenes et al. , 2007 Pousinha et al. 2006; Fernandes et al. 2008; Fontinha et al. 2008; Tebano et al. 2008; Assaife-Lopes et al. 2010) or genetic deletion of A 2A R (Tebano et al. 2008) .
Adenosine kinase (ADK), by phosphorylating intracellular adenosine to AMP, maintains an inward adenosine gradient, driving adenosine influx into the cell (Boison et al. 2010) . When ADK levels are pathologically or experimentally increased, the resulting adenosine deficiency directly translates into increased susceptibility to seizures or neuronal injury (Pignataro et al. 2007; Li, Ren et al. 2008) . Conversely, a decrease in ADK activity leads to increased extracellular adenosine concentration (Etherington et al. 2009 ) and resistance to epileptic seizures or neuronal cell loss Li, Ren et al. 2008; Shen et al. 2011) .
We hypothesized that ADK, as the primary determinant of adenosine levels, could act as a homeostatic bioenergetic network regulator, providing synergistic control of several downstream pathways simultaneously. We focused on ADK as a potential upstream regulator of BDNF-, glutamate-, and GABA-dependent synaptic signaling in the hippocampus. To test our hypothesis, we used transgenic mice that underexpress (Fb-Adk-def) or overexpress ADK (Adk-tg) in the forebrain.
Our data characterize ADK as an upstream regulator of multiple signaling pathways that depend on 1) A 2A R via BDNF-mediated synaptic actions, 2) A 1 R via the modulation of synaptic transmission and short-term plasticity, or 3) a combined action upon different adenosine receptor subtypes, via the modulation of GABA A current stability, and therefore suggest that ADK might be a prime therapeutic target to modulate networks synergistically.
Materials and Methods

Animals and Tissue Preparation
Three different genotypes of mice were used in this study, all maintained on an identical C57BL/6 background: 1) Wild-type (WT); 2) homozygous Adk-tg mice with brain-wide overexpression of a constitutively expressed loxP-flanked ADK transgene, but lack of the endogenous dynamically expressed Adk gene; these animals are characterized by a global overexpression of ADK throughout the hippocampal formation and have been described previously (Fedele et al. 2005; Pignataro et al. 2007; Yee et al. 2007; Li, Ren et al. 2008) ; 3) Fb-Adk-def mice with reduced levels of forebrain ADK were created based on Emx1-Cre-driven deletion of the loxP-flanked ADK transgene in Adk-tg mice (Li, Ren et al. 2008 ). Adk-tg and Fb-Adk-def mice were derived as littermates according to our previous studies (Li, Ren et al. 2008; Masino et al. 2012 ) and controls were age-and sex-matched based on parallel breeding of C57BL/6 WT mice. All animals were genotyped at weaning as described previously (Fedele et al. 2005) . Most experiments were performed in adult (>7 weeks old) animals. Since the effects of BDNF are age-dependent (Diógenes et al. 2007 , 2 clearly distinct groups of animals were used: 3-5 weeks old (young) and 10-12 weeks old (adult).
All experimental procedures were performed in accordance with European Union guidelines and UK, Portuguese, or Italian regulations for the use of laboratory animals. Animals were either deeply anesthetized with halothane before killing by decapitation or killed by cervical dislocation. The brain was then quickly removed and either immersed in ice-cold gassed (95% O 2 and 5% CO 2 , pH 7.4) artificial cerebrospinal fluid (aCSF) for subsequent cutting of parasagittal sections, or the hippocampus was dissected free in ice-cold aCSF. In both cases, the aCSF comprised: NaCl 124 mM, KCl 3 mM, NaH 2 PO4 1.25 mM, NaHCO 3 26 mM, MgSO 4 1 mM, CaCl 2 2 mM, and glucose 10 mM. When preparing slices for whole-cell recordings, a glycerolbased aCSF was used (glycerol 250 mM, KCl 2.5 mM, CaCl 2 2.4 mM, MgCl 2 1.2 mM, NaH 2 PO 4 1.2 mM, NaHCO 3 26 mM, glucose 11 mM, and Na-pyruvate 0.1 mM, pH 7.35), to better preserve neurons from Na + -induced excitotoxicity. Slices (350-400 μm thick for field excitatory postsynaptic potential [fEPSP] and sensor recordings or 300 μm for whole-cell recordings) were cut perpendicularly to the long axis of the isolated hippocampus or sagittal to the midline of each hemisphere and allowed to recover for at least 1 h in a resting chamber, filled with gassed aCSF at room temperature (22-25°C).
fEPSP Recordings from CA3-CA1 Synapses After at least 1 h recovery, individual slices were transferred to a recording chamber (1 + 5 mL dead volume) and continuously superfused at 3 mL/min with gassed aCSF at 32°C; the drugs were added to this superfusion solution. fEPSPs were recorded as previously described (Diógenes et al. 2004; Li, Ren et al. 2008 ) through an extracellular microelectrode (2-6 MΩ resistance) placed in the stratum radiatum of the CA1 area. Stimulation (rectangular 0.1 ms pulses, once every 15 s) was delivered through a concentric electrode placed on the Schaffer collateral-commissural fibers, in the stratum radiatum near the CA3-CA1 border. The intensity of stimulus (80-200 μA) was initially adjusted to obtain a large fEPSP slope with a minimum population spike contamination, being usually set to obtain an fEPSP slope of about 50% of the maximum. Slices were visualized with a dissection microscope and recordings were obtained with an Axoclamp 2B amplifier and digitized (Axon Instruments, Foster City, CA, United States of America). Individual responses were monitored, and averages of 8 consecutive responses were continuously stored on a personal computer with the LTP program (Anderson and Collingridge 2001) . In some experiments and to allow comparisons between results obtained in mossy fiber synapses under the same experimental conditions, fEPSPs at the CA3-CA1 synapses were recorded using the same procedure as for recording fEPSPs at mossy fiber synapses (see below).
fEPSP Recordings from Mossy Fiber Synapses Individual slices were transferred to the recording chamber (total fluid dead space: ∼3 mL), maintained at 30-32°C, and constantly superfused at the rate of 1.5 mL/min. A concentric bipolar stimulating electrode was placed in the granule cell layer for mossy fiber fEPSPs. To confirm that the fEPSPs were mossy fiber in origin (2S,1′S,2′ S)-2-(carboxycyclopropyl)glycine (LCCG-1, 10 µM), a selective antagonist of group II metabotropic glutamate receptors, was applied to the slice by a gravity-driven perfusion system at the end of each experiment (Kamiya et al. 1996) . The recording microelectrode (0.5-1 MΩ) was positioned 200-600 μm from the stimulating electrode for recording orthodromically evoked fEPSPs. Stimuli consisted of 0.1 ms constant current square pulses, applied once every 20 s. The intensity of the stimulus was adjusted in each experiment to evoke about 50% of the maximal field potential amplitude without appreciable population spike contamination. Evoked responses were monitored online and stable fEPSP slope values were recorded for at least 10 min before increasing stimulation frequency to analyze frequency (1 Hz) facilitation of synaptic responses or paired-pulse facilitation (PPF). PPF was measured as the ratio between the second versus the first fEPSP slope responses at different interstimuli intervals (10-100 ms).
Slices were visualized with a Wild M3B microscope (Heerbrugg, Switzerland). fEPSPs were recorded and filtered (1 kHz) with an Axopatch 200 A amplifier (Axon Instruments) and digitized at 10 kHz with an A/D converter (Digidata 1322A, Axon Instruments). Data were stored on a computer using pClamp 9 software (Axon Instruments) and analyzed off-line with Clampfit 9 program (Axon Instruments). To allow comparisons between results obtained in mossy fiber synapses and CA1-CA3 synapses under the same experimental conditions, in some experiments, fEPSPs at these synapses were recorded using the same procedure as for recording fEPSPs at mossy fiber synapses, except that the stimulation electrode was placed in the stratum radiatum of the CA1 area.
Whole-Cell Recordings
Whole-cell patch-clamp recordings were performed on pyramidal neurons or interneurons at 21-23°C as described previously (Ragozzino et al. 2005) . Membrane currents were recorded by using glass electrodes (3-4 MΩ), filled with K-gluconate 140 mM, HEPES 10 mM, 1,2-bis(2-aminophenoxy)ethane-N,N,N,N-tetraacetic acid 5 mM, MgCl 2 2 mM, and Mg-ATP 2 mM ( pH 7.35, with KOH) (Roseti et al. 2008) . Under these experimental conditions, with inactivated voltage-gated channels, cells were stable and healthy for 1-2 h. Cells with depolarized resting membrane potential (greater than −50 mV) were discarded. GABA was delivered to cells by pressure applications (10-20 psi, 1 s; General Valve Picospritzer II) from glass micropipettes filled with 100 µM GABA, positioned above whole-cell voltage-clamped neurons. In this way, we obtained stable whole-cell currents and rapid drug wash before applying the repetitive application protocol. In order to observe the activity-dependent decrease in the currents mediated by GABA A receptors (I GABA ), the following repetitive application protocol was adopted: After current amplitude stabilization with repetitive applications every 120 s, a sequence of 10 GABA applications was delivered every 15 s, and the test pulse was resumed at the control rate (every 120 s) to monitor recovery of the GABA current. The reduction in peak amplitude current was expressed as residual current, that is, the percentage amplitude of current at the end of the repetitive application protocol versus control (10th I GABA / 1st I GABA ).
Quantification of Extracellular Purine Levels
Enzyme-based microelectrode biosensors were purchased from Sarissa Biomedical Ltd (Coventry, United Kingdom) and were used to detect extracellular levels of adenosine. The principle of their action and their use in hippocampal slices have been published previously, as have the protocols for slice preparation and simultaneous recordings of fEPSPs (Frenguelli et al. 2003; Etherington et al. 2009; Lopatar et al. 2011) . Briefly, an enzymatic cascade (adenosine deaminase, nucleoside phosphorylase, xanthine oxidase) is entrapped in a polymer matrix surrounding a 50 µm platinum/iridium wire which is polarized to +600 mV. The polymer matrix adds ≤10 µm to the diameter of the Pt/Ir wire. Hydrogen peroxide produced by xanthine oxidase oxidizes on the Pt/Ir wire to give rise to a current proportional to the amount of purine released. Concentration units provided are μM′ to indicate that the signal from a sensor containing all 3 enzymes is a composite reflecting adenosine and its metabolites (Frenguelli et al. 2007; zur Nedden et al. 2011) .
Pairs of sensors (ADO and NULL) were inserted into stratum radiatum of area CA1 of 400 µm parasagittal hippocampal slices maintained at 34°C. To allow sufficient time for slices to recover and the sensor signal to asymptote to a baseline level, an hour was left before the experiment commenced. Experiments consisted of (i) collecting 10 min of stable baseline; (ii) theta burst stimulation (TBS) protocol, (iii) 15 min of post-TBS recording, (iv) sensor withdrawal, and (v) sensor calibration. The TBS protocol consisted of 15 bursts of 4 pulses at 100 Hz separated by 200 ms, repeated 4 times at 10 s intervals. Since no signal was detected on null sensors in any of the experiments, null sensor traces were disregarded and only ADO traces were further processed. Upon sensor withdrawal, the ADO signal dropped below the preceding baseline level recorded in the slice. Subtraction of the pre-and postwithdrawal signals was used as an indirect measure of ADO tone. Calibration was carried out after each experiment by washing in adenosine (10 µM) and 5-hydroxytryptamine (5HT, 10 µM) with the latter used to test for patency of the permselective layer. Biosensor traces were smoothed with a 1 s average and are presented as mean release ± SEM. The area under curve for the first 5 min after TBS was used to quantify the release of adenosine upon TBS. Sensor signals were captured at 10 kHz using Spike 2 software, while the acquisition of fEPSPs was under the control of LTP software (Anderson and Collingridge 2001) as described previously (Frenguelli et al. 2007; zur Nedden et al. 2011 ).
Western Blotting
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) was used to evaluate the levels of TrkB receptors, ADK, AMPA (GluA1) and NMDA (GluN2B) subunits. For ADK evaluation, aqueous extracts of dorsal brain samples (hippocampus and dorsal cortex; n = 5-8 per group) were prepared by homogenizing and solubilizing the tissue in radioimmunoprecipitation assay buffer (Thermo Scientific, CA, United States of America) and by removing insolubilized material by centrifugation (104 × g, 15 min at 4°C). For TrkB receptor and AMPA (GluA1) and NMDA (GluN2B) subunit quantification, hippocampal homogenates (n = 4-8) were prepared as described before (Diógenes et al. 2007 ).
The protein content in the supernatants was determined using a commercial Bradford assay (Sigma, MO, United States of America). Twenty micrograms (for TrkB receptor evaluation), 50 µg (for ADK assessment), or 100 µg (for AMPA (GluA1) and NMDA (GluN2B) subunits) of protein extract were separated by electrophoresis on an SDS-10% PAGE gel and blotted onto a polyvinylidene fluoride membrane according to the standard procedures. The blots were probed for 1 h at room temperature with the polyclonal rabbit anti-ADK antibody or monoclonal mouse anti-TrkB (BD Transduction Laboratories) in 5% blocking reagent in TBST (10 mM Tris, 150 mM NaCl, 0.05% Tween 20 in H 2 O). After washing (3 × 5 min in TBST), blots were then probed with secondary antibodies conjugated with horseradish peroxidase and bands were visualized with a commercial enhanced chemiluminescence detection method (ECL) kit (PerkinElmer Life Sciences, MA, United States of America). ADK levels were normalized to the α-tubulin loading control and reported relative to WT ADK (set as 100%). TrkB intensity values were normalized to the β-actin loading control and the relative intensities were normalized to WT (set as 100%). Densitometry of the bands was performed using the Image J processing software (NIH, MD, United States of America).
Immunohistochemistry
Adk-tg, Fb-Adk-def, and WT mice were anesthetized (3% isoflurane) and transcardially perfused with 0.15 M phosphate-buffered saline (PBS), followed by 4% paraformaldehyde in PBS. Brains were removed and postfixed in the same fixative at 4°C for 1 day before being cut into 40 µm coronal sections using a vibratome. Previously published procedures were used for the immunohistochemical detection of ADK (Studer et al. 2006) . Digital images of ADK immunohistochemistry on 3,3′-diaminobenzidine (DAB)-stained slices were acquired using a Zeiss AxioPlan inverted microscope equipped with an AxioCam 1Cc1 camera (Carl Zeiss MicroImaging, Inc., Thornwood, NY, United States of America).
Drugs
BDNF was a kind gift of Regeneron Pharmaceuticals (Tarrytown, NY, United States of America) and was supplied in a 1.0 mg/mL stock solution in 150 mM NaCl, 10 mM sodium phosphate buffer, and 0.004% Tween 20. Adenosine and 5HT were purchased from Sigma (Sigma-Aldrich Company Ltd, Dorset, United Kingdom).
, and 1,3-dipropyl-8-cyclopentyladenosine (DPCPX) were from Tocris Cookson (Ballwin, MO, United States of America). DPCPX was made up in a 5 mM stock solution in 99% dimethylsulfoxide (DMSO)-1 M 1% NaOH (v/v), SCH 58261 in a 10 mM stock solution in DMSO and CGS 15943 in a 5 mM stock solution in DMSO. Aliquots of these stock solutions were kept frozen at −20°C until use. The maximum amount of DMSO applied to the preparations (1/100 000 v/v) was devoid of effect on fEPSPs.
Data Analysis
Values are expressed as mean ± SEM. The significance of differences between means was evaluated by the Student's t-test or by one-way ANOVA with Bonferroni's correction for multiple comparisons. Values of P < 0.05 were considered to represent statistically significant differences.
Results
Regional Manipulation of ADK Expression in Transgenic Mice
These studies are based on transgenic mice with engineered regional changes of ADK expression in the brain. Adk-tg mice (Fedele et al. 2005; Li, Ren et al. 2008 ) overexpress a constitutively expressed, loxP-flanked Adk transgene in lieu of the endogenous Adk gene, which is subject to dynamic expression changes (Gouder et al. 2004; Studer et al. 2006; Pignataro et al. 2008) . As a result of the mutation, Adk-tg mice express spontaneous electrographic seizures and display lowered thresholds for seizure induction and for neuronal injury (Li et al. 2007; Pignataro et al. 2007; Li, Ren et al. 2008 ). Fb-Adk-def mice are identical to Adk-tg mice except for an Emx1-Cre-transgene-driven deletion of the Adk transgene in most cells of the dorsal telencephalon Li, Ren et al. 2008) . As a result of this manipulation, Fb-Adk-def mice display increased thresholds for seizures and for neuronal injury Li, Ren et al. 2008; Pignataro et al. 2008) , while they are resistant to the induction of epileptogenesis Li, Ren et al. 2008 ). These fundamental differences in susceptibility to seizures and to neuronal injury can be linked to differences in ADK expression in the forebrain including the hippocampus, but the underlying mechanisms have not yet been elucidated on a physiological level.
To demonstrate that the region-specific genetic manipulation of the Adk gene resulted in appropriate changes of ADK expression levels in the hippocampus, the expression of ADK was quantified by western blot analysis. The samples from young (3-to 5-week old) Fb-Adk-def mice showed a reduction in ADK levels to 48 ± 8.8% of WT (n = 4; P < 0.05; Fig. 1A ), whereas the Adk-tg mice showed an increase in ADK to 163 ± 13% of WT (n = 8; P < 0.01). A similar pattern was obtained in samples prepared from adult (10-to 12-week old) Fb-Adk-def mice, where levels of ADK were reduced (62 ± 4.7%, n = 6; P < 0.05; Fig. 1B ) in comparison to WT, whereas ADK expression in Adk-tg mice was increased to 187 ± 11.5% (n = 7; P < 0.001; Fig. 1B ) of WT. ADK expression changes quantified in the western blot were matched by quali-tative changes in ADK expression as seen by the evaluation of ADK immunoreactivity in peroxidase-stained hippocampal coronal sections. Inspection of the hippocampal formation revealed a region-specific decrease and increase in ADK expression in Fb-Adk-def and Adk-tg mice, respectively, compared with ADK expression in control WT mice (Fig. 1C ). The ADK expression changes determined here were robust and stable across the age ranges investigated in subsequent experiments.
The Tone of Endogenous Adenosine is Governed by Expression Levels of ADK The predominant influence of adenosine in the hippocampus is inhibition of synaptic transmission through A 1 R activation (Sebastião et al. 1990) . It is therefore possible to assess changes in extracellular adenosine levels in the vicinity of the synapses by evaluating the disinhibition of synaptic transmission caused by antagonism of the A 1 R. The assumption is that higher levels of adenosine cause more pronounced tonic A 1 R-mediated inhibition, and therefore, a higher facilitatory Figure 1 . Genotype-specific ADK immunoreactivity in the mouse brain. (A and B) Western blot analysis of ADK immunoreactivity (38.7 kDa) from the hippocampus and dorsal cortex taken from young (A, 3-5 weeks old) or adult (B, 10-12 weeks old) mice. α-Tubulin immunoreactivity (50 kDa) was used as a loading control. The 3 different genotypes, WT, Fb-Adk-def, and Adk-tg, are indicated above each lane. Each blot shows data from 2 different animals of the same genotype and age. The quantitative analysis shows averaged data normalized to the loading control and to WT. Data were calculated based on multiple samples taken from different ages and genotypes (young: WT, n = 5; Fb-Adk-def, n = 4; Adk-tg, n = 8; adult: WT, n = 6; Fb-Adk-def, n = 6; Adk-tg, n = 7); data are presented as mean ± SEM. (C) Immunohistochemical analysis of coronal brain sections of the hippocampus from WT, Fb-Adk-def, and Adk-tg mice (young [upper panel] and adult [lower panel]); sections were stained with diaminobenzidine hydrochloride (DAB) for ADK immunoreactivity; scale bar: 500 µm. *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way ANOVA with Bonferroni's multiple comparison test).
action of A 1 R receptor antagonists should occur. The use of an A 1 R antagonist to indirectly assess the extracellular levels of adenosine has the advantage of evaluating the synaptic adenosine influencing synaptic transmission. We therefore compared the effect of the selective A 1 R antagonist, DPCPX, at a supramaximal concentration (50 nM, K i value for DPCPX at the hippocampus ∼0.5 nM; Sebastião et al. 1990 ) on synaptic transmission in hippocampal slices taken from young and adult WT, Fb-Adk-def, and Adk-tg mice.
In hippocampal slices taken from young WT mice, DPCPX (50 nM) increased the slope of fEPSP to 128 ± 4.2% (n = 6; Fig. 2A,D) . In slices from Fb-Adk-def mice, DPCPX (50 nM) caused a significantly higher increase in fEPSPs (150 ± 7.6%, n = 4, P < 0.05; Fig. 2B ,D) when compared with the effect observed in WT mice. This effect was also markedly higher than the effect detected in slices from Adk-tg mice (118 ± 4.1%, n = 5, P < 0.05; Fig. 2C,D) . A similar genotypic influence occurred in hippocampal slices taken from adult mice, where DPCPX (50 nM) increased the slope of fEPSP to 145 ± 4.0% (n = 7) in WT ( Fig. 2A,D) , 181 ± 13.0% (n = 4, P < 0.05 vs. WT) in Fb-Adk-def mice (Fig. 2B ,D) and 120 ± 6.5%, n = 6 (P < 0.05 vs. WT) in Adk-tg mice (Fig. 2C,D) . As also shown in Figure 2A ,B, the disinhibition caused by DPCPX in WT and Fb-Adk-def mice was significantly higher in adult than in young genotype-matched mice.
In summary, irrespective of age, the lowest disinhibition of synaptic transmission caused by DPCPX was observed in mice overexpressing ADK (Adk-tg), whereas the greatest disinhibition was found in adult mice underexpressing ADK (Fb-Adk-def ). The data also show that adult WT mice had clearly greater (P < 0.05) A 1 inhibitory tone than young WT mice. These results demonstrate that both age and ADK activity determine tonic inhibition caused by adenosine at synapses.
Direct Measurement of Basal and TBS-Evoked Purine Release
The previous results indicate differences in basal adenosine levels across the 3 genotypes. To determine whether activitydependent release of adenosine was similarly dependent upon the expression level of ADK, we delivered 4 periods of TBS (15 bursts of 4 pulses at 100 Hz separated by 200 ms, repeated 4 times at 10 s intervals) to the afferent Schaffer collateral-commissural pathway of hippocampal slices taken from adult mice of the 3 genotypes. We have recently shown that repeated TBS is an effective stimulus for adenosine release in CA1 area (zur Nedden et al. 2011) . As quantified with adenosine biosensors (Fig. 3) , TBS resulted in robust adenosine release in slices from WT mice (0.97 ± 0.14 µM′ min, n = 5; Fig. 3A ), which was associated with a transient (∼2 min) depression of the fEPSP and a subsequent sustained potentiation (166 ± 13% at 15 min; Fig 3A) .
To establish whether the transient depression of the fEPSP in response to TBS reflected adenosine release and the activation of adenosine A 1 R, TBS was delivered in the presence or absence of the adenosine A 1 R antagonist 8-CPT (1 µM). In the absence of 8-CPT, the fEPSP was depressed by 31 ± 12% of control 15 s after the last TBS (n = 8 slices from 4 WT mice). In contrast, in slices pretreated with 8-CPT, the transient depression was absent and instead a potentiation (129 ± 10% of baseline) was observed 15 s after the end of TBS (n = 5 slices from 3 WT mice). Thus, the release of adenosine during TBS has functional consequences in causing a transient depression of synaptic transmission via the activation of adenosine A 1 R.
Consistent with the concept of ADK regulating the release of adenosine in response to high-frequency network activity, slices from Fb-Adk-def mice showed greater adenosine release (1.63 ± 0.27 µM′ min, n = 8), longer post-TBS depression of synaptic transmission (∼4 min), and a weaker potentiation of the fEPSP (159 ± 3% at 15 min post-TBS). In contrast, overexpression of ADK resulted in a brief transient depression of the fEPSP, which recovered ∼75 s after stimulation, and lower levels of adenosine release (0.82 ± 0.16 µM′ min, n = 6) (Fig. 3A) .
In a subset of these experiments, the adenosine biosensor was removed 15 min after TBS to provide an estimate of the basal adenosine tone, which we interpret as the difference between the sensor current when removed from the slice relative to the pre-TBS baseline ( Fig 3B) . In contrast to the differential effects on fEPSPs obtained with the adenosine A 1 R antagonist between WT and Adk-tg slices, there was little difference between WT and Adk-tg slices in terms of the basal tone as measured with the adenosine biosensors (0.13 ± 0.08 µM′, n = 3; 0.17 ± 0.07 µM′, n = 3, respectively). However, Fb-Adk-def slices showed a tendency towards substantially greater basal adenosine (0.43 ± 0.16 µM′, n = 6), but this did not reach statistical significant, due to considerable variability in individual measurements of basal tone (Fig. 3B ). This likely stems from the difficultly in ascribing absolute measurements of background current (and hence basal adenosine concentration) based upon removal of the sensor from the slice.
The above data suggest that ADK has an important role in regulating activity-dependent release of adenosine, which may set the threshold for homeostatic network interactions among a variety of neurotransmitter and neuromodulatory systems.
Variation in ADK Expression Levels Correlates with Differential Short-Term Synaptic Plasticity at Low Release Probability Hippocampal Synapses
We next evaluated how variations in ADK expression could affect functioning of low release probability synapses, such as the mossy fiber synapses. It has been a matter of debate if the low release probability of mossy fiber synapses could result times at 10 s intervals; arrowhead) in slices from WT (n = 5), Fb-Adk-def (n = 8), and Adk-tg (n = 6) mice. Note much greater release of adenosine in slices from mice deficient in ADK and reduced peak adenosine release in slices from mice overexpressing ADK. Traces represent mean ± SEM. Lower panel, the time course of simultaneously recorded fEPSPs from the experiments shown in the upper panel. TBS at time zero resulted in a transient depression of the fEPSP in WT slices (squares, n = 5), which was longer in slices from mice deficient in ADK (circles, n = 8), likely reflecting enhanced release of adenosine (upper traces), while the depression was shorter lasting in slices overexpressing ADK (triangles, n = 6). Inset are fEPSPs from the 3 genotypes taken at the times indicated by the numbers 1, 2, and 3 before TBS, ∼2 min after TBS, and ∼14 min after TBS, respectively. Note at 2 min, the individual fEPSPs reflect the pooled data demonstrating (from left to right): The enhancement of the fEPSP in Adk-tg slices above the preceding control fEPSPs, return of WT fEPSPs to close to control, and continued depression of fEPSPs from Fb-Adk-def slices relative to control fEPSPs. Symbols below the genotype refer to the corresponding traces in the fEPSP time course plot. Scale bars for fEPSPs measure 0.5 mV and 5 ms. (B) Upper trace shows the representative experiment of basal tone measurement where the adenosine sensor was removed from the slice (arrow) 15 min after TBS (arrowhead). The difference between the preceding sensor baseline and the background sensor current is taken as an estimate of the basal adenosine tone. The lower bar graph provides the mean ± SEM (filled circle) and individual tone measurements (open circles) from WT (n = 3), Adk-tg (n = 3), and Fb-Adk-def (n = 6) slices. Values of adenosine are provided in µM′ to indicate that this is a composite signal reflecting adenosine and its metabolites (inosine and hypoxanthine).
from A 1 R-mediated tonic inhibition by ambient adenosine levels, though discordant data on adenosine contribution have been reported (Moore et al. 2003; Kukley et al. 2005) . As a consequence of low release probability, hippocampal mossy fiber synapses show 2 main characteristics: 1) A remarkable frequency facilitation, for which the increase in stimulation frequency from a low rate (e.g. 0.05 Hz) to a modest rate (e.g. 1 Hz) markedly enhances transmission, an enhancement fully blocked by DPCPX, therefore A 1 R-dependent (Moore et al. 2003) ; and 2) a pronounced PPF, where the second response to 2 closely timed stimuli is enhanced, a process also highly sensitive to A 1 R blockade (Moore et al. 2003) . We hypothesized that at these synapses, a variation of the level of adenosine could modify the magnitude of those short-term synaptic plasticity events. Baseline synaptic responses induced by lowfrequency (0.05 Hz) stimulation were recorded continuously and then the frequency was increased to 1 Hz for 30 s, as indicated in Figure 4 . Immediately after this brief and moderate increase in stimulation frequency, fEPSPs in mossy fiber synapses rapidly increased and recovered upon return to basal stimulus frequency (Fig. 4A,B) . Interestingly, in the Fb-Adk-def mice, where the absence of ADK produces an increase in ambient levels of adenosine, the average maximal frequency facilitation was significantly (P < 0.05) larger (211 ± 60% of fEPSP slope increase, n = 6) than in Adk-tg mice (103 ± 40%, n = 6; P < 0.05). In WT animals, the average maximal frequency facilitation was 155 ± 36 (n = 6). As expected, the effect of ambient adenosine on short-term plasticity induced by 1 Hz stimulation for 30 s was more prominent on mossy fibers (Fig. 4A,B ) compared with Schaffer collateral synapses (Fig. 4C) , where no significant difference between different genotypes was observed, though a similar genotype-specific pattern occurred.
We next evaluated another type of short-term synaptic plasticity, paired pulse facilitation (PPF), which was measured at different interstimuli intervals ranging from 10 to 100 ms (Fig. 5) . Again, we observed a larger facilitation in Fb-Adk-def mice (n = 7) compared with WT (n = 7), or Adk-tg mice (n = 5), the difference being particularly evident for lower interstimuli intervals. In order to quantify how much the genetically modified mice differ from the WT, we computed the mean and the variance of the WT data for each interstimulus interval. Then we calculated the probability (P-value) that , 20, 50, 70 , and 100 ms. The ordinates refer to an average value of PPF measured as a ratio between the second and the first fEPSP slope responses in hippocampal slices from WT (n = 7), Fb-Adk-def (n = 7), and Adk-tg (n = 5) mice, as indicated.
data from modified mice fit a Gaussian distribution with the WT mean and variance. The obtained P-value was lower than 0.0001 for either Fb-Adk-def or Adk-tg mice, thus fully rejecting the hypothesis that the PPF in Fb-Adk-def and Adk-tg mice were similar to PPF in WT. These data suggest that ADK expression affects the probability of transmitter release and hence directly influences the extent of short-term synaptic plasticity at mossy fiber synapses.
Variation in ADK Expression Removes the Influence of Age upon the Facilitatory Action of BDNF on Synaptic Transmission
In adult animals, BDNF has an excitatory effect upon synaptic transmission which is dependent on tonic A 2A R activation by endogenous adenosine (Diógenes et al. 2007; Tebano et al. 2008) . To establish whether this A 2A R-mediated action of endogenous adenosine in the hippocampus could also be affected by manipulation of ADK expression, we compared the effect of BDNF on fEPSPs from slices taken from mice of the 3 genotypes (WT, Adk-tg, and Fb-Adk-def mice). Remarkably, in adult mice overexpressing ADK (Adk-tg), the effect of BDNF (20 ng/mL) was completely lost (n = 6; Fig. 6C,D) , whereas in WT mice, BDNF (20 ng/mL) caused the expected enhancement of fEPSP slope (to 128 ± 7.6%, n = 7, P < 0.05; Fig. 6A,D) . Interestingly, this increase was not significantly different (P > 0.05; Fig. 6D ) from that observed in slices from Fb-Adk-def mice (140 ± 9.7%, n = 5; Fig. 6B,D) .
It has been suggested that variations in tonic activation of A 2A R by endogenous adenosine relates to the age-dependency of the effect of BDNF upon synaptic transmission (Diógenes et al. 2007) . To test this hypothesis, we evaluated the effect of BDNF in young (3-5 weeks old) mice of the 3 genotypes to allow comparisons with data obtained in genotype-matched adults. We first evaluated whether the increased levels of extracellular adenosine in Fb-Adk-def mice were enough to trigger the effects of BDNF in young mice. Remarkably, in these ADK-deficient animals, BDNF (20 ng/mL) significantly increased the fEPSP slope to 135 ± 7.2% (n = 9, P < 0.05; Fig. 6F,H) . In contrast, BDNF (20 ng/mL) did not significantly influence (n = 8, P > 0.05) fEPSPs when applied to hippocampal slices taken from WT mice (Fig. 6E,H) or when applied to slices from mice overexpressing ADK in the forebrain (Adk-tg mice) (n = 6; Fig. 6G,H) .
The above results show that BDNF-induced facilitation of hippocampal synaptic transmission is lost under high ADK levels and that under reduced ADK levels, the BDNF facilitatory action becomes independent of age. Furthermore, whenever an effect of BDNF upon fEPSPs was seen, it was prevented by the selective A 2A R antagonist, SCH 58261 (50 nM; Fig. 6A,B,F) . These data demonstrate ADK as an upstream regulator of an A 2A R-dependent facilitatory action of BDNF.
Since the excitatory actions of BDNF are mediated by the activation of its full-length (FL) TrkB receptor isoform (TrkB-FL), the above ADK-dependent effects of BDNF could be due to changes in TrkB-FL expression. Moreover, ADK is largely expressed in astrocytes, which express a dominantnegative isoform of TrkB (TrkB.T1). Therefore, the levels of TrkB-FL and TrkB.T1 in hippocampal slices were evaluated by western blotting. Neither TrkB-FL nor TrkB.T1 levels were significantly (P > 0.05) different in the 3 genotypes (WT, Fb-Adk-def, and Adk-tg). In addition, and since the effects of BDNF upon basal synaptic transmission are dependent on NMDA receptor activation (Diógenes et al. 2007 ), we evaluated whether changes in BDNF effects observed in the 3 genotypes could be due to changes in glutamate receptor expression. As assessed by western blotting, AMPA (GluA1) subunits and NMDA (GluN2B) subunit levels did not differ significantly (P > 0.05) in the 3 genotypes (WT, Fb-Adk-def, and Adk-tg). Therefore, the genotype dependency of the synaptic actions of BDNF, described above, cannot be attributed to alterations in the levels of BDNF receptors or glutamate receptors.
ADK Expression Influences the I GABA Stability in CA3 Pyramidal Neurons
While facilitation of BDNF actions by adenosine is clearly an A 2A R-mediated response and inhibition of synaptic transmission and release probability by adenosine are clearly A 1-R-mediated responses, the modulation of the stability of GABA A receptor-mediated currents (I GABA ) by adenosine results from the activation of non-A 1 adenosine receptors (Sebastião 2010) and may involve A 2A R and A 3 receptors (A 3 R) (Roseti et al. 2008 (Roseti et al. , 2009 . In order to evaluate how changes in ambient adenosine would also affect these less explored actions of adenosine, with an obvious impact upon the hippocampal inhibitory signaling pathways, we analyzed the stability of I GABA upon repetitive GABA application to hippocampal neurons in WT, Adk-tg, and Fb-Adk-def mice. CA3 hippocampal neurons were identified as pyramidal or non-pyramidal (interneurons) by shape and electrophysiological characterization of action potential properties (Fig. 7A,B ) (Lacaille et al. 1987; Chitwood and Jaffe 1998) .
The local pressure application of GABA (100 µM; 1 s) evoked outward whole-cell currents (I GABA ) on all tested cells (Fig. 7C,D,E) . The current amplitudes in response to the first application of GABA were 2020 ± 280 pA (n = 11), 530 ± 150 pA (n = 7), and 1130 ± 280 pA (n = 7) for pyramidal neurons of WT, Fb-Adk-def, and Adk-tg mice, respectively. The first application of GABA evoked currents on interneurons of 910 ± 130, 1100 ± 300, and 1290 ± 120 pA for WT, Fb-Adk-def, and Adk-tg mice, respectively. There were no significant differences between current amplitudes evoked by the first application of GABA in WT or Adk mutant mice. Upon repetitive GABA applications, I GABA amplitudes significantly decreased ( Fig. 7C,D ,E) in all tested cells. That this rundown of I GABA was at least in part regulated by adenosine is suggested by the observation that for Adk-tg pyramidal neurons, the rundown of I GABA after repeated GABA applications was significantly less (21 ± 4% inhibition, n = 7) than for WT pyramidal neurons (40 ± 2% inhibition, n = 11; P < 0.05; Fig. 7C ), while for Fb-Adk-def pyramidal neurons, the rundown of I GABA tended to be even greater (49 ± 4% inhibition, n = 7; Fig. 7C ). In contrast, the activity-dependent rundown of I GABA was not different across genotypes in interneurons, being 36 ± 6% (n = 7), 42 ± 6% (n = 8), and 32 ± 4% (n = 7) inhibition for WT, Fb-Adk-def, and Adk-tg mice, respectively (Fig. 7D) . These data suggest a pyramidal neuron-specific action of adenosine and its regulation by ADK.
Independent confirmation of the role of adenosine receptors in the stability of I GABA in pyramidal neurons was obtained in a separate series of experiments using the non-selective adenosine receptor antagonist, CGS 15943, known to reduce the I GABA rundown in human and rat cortical pyramidal neurons as well as in cortical pyramidal neurons from A1 −/− mice (Roseti et al. 2008 ). In the presence of CGS 15943 (100 nM), the activity-dependent rundown of I GABA in Fb-Adk-def pyramidal neurons was significantly reduced from 41 ± 3 to 24 ± 4% inhibition (n = 7; P < 0.05; Fig. 7E ), a value similar to that observed in Adk-tg neurons (Fig. 7C) , clearly indicating that the differences observed in I GABA stability in , which by itself did not influence fEPSPs, as it did not affect the absence of the effect of BDNF in hippocampal slices from Fb-Adk-tg mice. A, B, and F, as an inset of the time course graph, are shown illustrative fEPSP traces obtained immediately before (1) and during (2) BDNF application; each trace is the average of 8 consecutive responses and the fEPSP is preceded by the stimulus artifact and the presynaptic volley; the stimulus artifact has been truncated in amplitude. (D and H) Comparison of the averaged effects of BDNF (change in fEPSP slope at 50-60 min) in the different genotypes in relation to pre-BDNF values (100%) from experiments shown in (A-C) and (E-G) as indicated in each column. All values are mean ± SEM. *P < 0.05 and **P < 0.001 (one-way ANOVA with Bonferroni's multiple comparison test). different ADK-expressing mice are mediated by adenosine acting on its receptors.
These data therefore show that reduced activation of adenosine receptors via either Adk-tg-mediated low ambient levels of adenosine or the antagonism of adenosine receptors increases the stability of I GABA at pyramidal cells, not in interneurons.
Discussion
Here, we demonstrate that ADK, by regulating the extracellular tone of adenosine, exerts upstream control over 3 major adenosine-dependent pathways (Fig. 8) : 1) A 1 R-dependent inhibition of synaptic transmission and plasticity, 2) A 2A R-dependent promotion of BDNF-signaling, and 3) adenosine receptor-dependent modulation of GABAergic currents. Together, these properties of adenosine regulate fundamental aspects of both inhibitory and excitatory synaptic transmission in the mammalian brain. By virtue of setting an extracellular tone of adenosine permissive to such modulation, ADK therefore exerts major upstream control of both the strength and dynamic range of synapses.
ADK-Dependent Control of Synaptic Transmission and Plasticity
Studies using adenosine-sensitive biosensors revealed a tendency toward a larger background current in hippocampal slices from Fb-Adk-def mice. Although the sensors are also sensitive to inosine and hypoxanthine, this increased signal is consistent with the evidence obtained by independent means for elevated extracellular adenosine levels. Accordingly, in comparison to Adk-tg mice and to WT controls, Fb-Adk-def animals have the highest adenosinergic inhibitory tone in their hippocampus as demonstrated by: 1) The highest degree of disinhibition of synaptic transmission by A 1 R blockade, 2) the prolonged duration of the transient inhibition of fEPSPs immediately after TBS stimulation, 3) the delayed enhancement of fEPSPs after TBS stimulation in high release probability synapses, such as the CA1 pyramidal synapses, and 4) the highest frequency-dependent facilitation in low release probability synapses, such as the mossy fiber synapses. These findings are in accordance with the predominant expression of the A 1 R in the hippocampus (Sebastião and Ribeiro 2009) and clearly show that ADK activity is a key upstream controller of the degree of modulation exerted by adenosine at A 1 Rs. It also suggests that despite the high affinity of these receptors for its endogenous ligand, receptor occupancy is submaximal in WT animals. Age also appears to influence adenosinergic tonus in WT animals, since disinhibition of synaptic transmission caused by A 1 R blockade was more pronounced in adult than in young mice. This suggests increased adenosinemediated tone in older animals, which likely explains the adenosine-, age-, and locus-dependent modulation of LTP in rat CA1 pyramidal neurons (Rex et al. 2005; Diógenes et al. 2011) .
Upon low-frequency stimulation, the adenosinergic inhibitory tonus in Adk-tg mice was not significantly different from that in WT mice, as assessed by the effect of DPCPX on synaptic transmission. Similarly, when directly measuring the basal adenosine levels with an adenosine-sensitive sensor, no difference between slices from WT and Adk-tg mice was obtained. In contrast, clear differences between these 2 genotypes were seen when high-frequency stimulation paradigms were used, suggesting that the impact of ADK activity upon tonic inhibition is particularly relevant upon high-frequency neuronal firing, where the extracellular accumulation of adenosine is clearly inversely related with ADK activity. It is worthwhile to note that ADK in WT mice is largely expressed in astrocytes rather than in neurons (Studer et al. 2006) . One has therefore to conclude that astrocytes both control extracellular adenosine levels and sense neuronal activity in a concerted way. A possibility is that the higher the ADK activity, the lower the intracellular adenosine concentration in astrocytes, thereby reducing the quantity of adenosine available for release. However, this hypothesis does not explain how adenosine release from astrocytes is controlled by neuronal firing, unless one postulates astrocytic adenosine release provoked by neuronal glutamate exocytosis, an unlikely possibility since there is recent evidence that the source of adenosine depressing neuronal activity during excessive firing is predominantly neuronal rather than astrocytic (Lovatt et al. 2012 ). Alternatively, astrocytes may act as a sink of purines released by neurons, so that the higher the ADK activity (Adk-tg), the higher the adenosine concentration gradient across the astrocytic membrane, therefore the higher the amounts of adenosine taken up. Conversely, the lower the ADK activity (Fb-Adk-def ) is, the lower the adenosine gradient across the astrocytic membrane, the lower the amounts of adenosine taken up, and the higher the net extracellular Figure 8 . Schematic diagram summarizing the main conclusion that regulation of endogenous adenosine tone by adenosine kinase exerts homeostatic control over synaptic activity. ADK, by phosphorylating intracellular adenosine to 5′AMP, maintains an inward adenosine gradient, driving adenosine influx into the cell. When ADK levels are increased (Adk-tg mice), adenosine levels decrease, whereas reduced ADK levels (Fb-Adk-def) lead to increased extracellular adenosine concentration. ADK, by regulating the extracellular tone of adenosine, exerts upstream control over 3 major adenosine-dependent pathways: (A) A 2A R-dependent promotion of BDNF-signaling, (B) A 1 R-dependent inhibition of synaptic transmission and plasticity, and (C) adenosine receptor-dependent modulation of GABAergic currents. When animals have reduced levels of ADK (Fb-ADK-def), the increased levels of adenosine facilitate BDNF actions upon synaptic transmission through the activation of A 2A R (A) and inhibit synaptic transmission through A 1 R (B), this inhibition leading to a marked enhancement of short-term synaptic plasticity at low release probability synapses. When ADK levels are increased (Adk-tg), the decreased levels of adenosine increase the stability of I GABA via non-A1R (C). adenosine levels. This mechanism would be particularly evident during intense neuronal firing leading to increased accumulation of synaptic adenosine. Regardless of the underlying mechanism, a major conclusion from the present work is that ADK activity in astrocytes controls extracellular levels of adenosine in a neuronal activity-dependent manner, playing a pivotal role in astrocyte-to-neuron communication and likely contributing to negative feedback regulation of neuronal firing to avoid entry into aberrant states of hyperexcitability.
ADK-Dependent Control of BDNF Signaling at Synapses
Our results also show that ADK levels not only affect tonic activation of the abundant A 1 Rs in the hippocampus, but also tonic activation of A 2A R, which in spite of their modest direct synaptic influence and weak expression in the hippocampus (Sebastião and Ribeiro 1992; Cunha et al. 1994 ) have important modulatory roles. One such important regulatory role of the A 2A R in the hippocampus is the ability to gate BDNF/ TrkB-mediated synaptic modulation . Remarkably, the facilitatory action of BDNF upon synaptic transmission is markedly influenced by age, and it has been proposed that this could be related to age-dependent changes in the degree of activation of adenosine receptors (Diógenes et al. 2004 (Diógenes et al. , 2007 . By evaluating the effect of BDNF upon synaptic transmission in animals with different levels of expression of ADK as well as different ages, we found that variation in ADK expression abrogates the influence of age upon the A 2A R-dependent facilitatory action of BDNF on synaptic transmission: Young mice underexpressing ADK responded to BDNF to the same degree as adult mice with the same genotype. Conversely, the ability of BDNF to facilitate hippocampal synaptic transmission was completely lost in adult mice overexpressing ADK. In all cases, the effect of BDNF was lost upon A 2A R blockade. The influence of genotype over the BDNF effect upon synaptic transmission could not be attributed to changes in the levels of TrkB receptors (FL or truncated receptors) and AMPA (GluA1) or NMDA (GluN2B) receptor subunits. Together, these data demonstrate that ADK activity, by controlling extracellular levels of adenosine and the activation of A 2A R, crucially regulates the facilitatory action of BDNF at synapses.
ADK-Dependent Control of GABAergic Currents
Repeated activation of GABA A receptors results in the rundown of I GABA . Such activity-dependent decrease in inhibitory currents promotes hyperexcitability of neurons. Indeed, exacerbated I GABA rundown, together with a slow recovery, is a characteristic of epileptic tissue (Roseti et al. 2008) . Here, we show that in CA1 pyramidal neurons (but not interneurons), the stability of I GABA was influenced by ADK expression levels: Reducing ADK expression enhanced the activity-dependent I GABA rundown, while overexpression of ADK significantly reduced the rundown of I GABA . These observations suggest that extracellular adenosine facilitates I GABA rundown upon repetitive stimulations. Indeed, the adenosine receptor antagonist CGS 15943 increased I GABA stability, confirming the role of adenosine receptors in this phenomenon.
Whether the increased expression of ADK in seizureinduced astrogliosis retards the activity-dependent rundown of GABAergic currents remains to be determined, as does the observation that I GABA in interneurons is not affected by the expression level of ADK and therefore by the extracellular levels of adenosine. Future studies are warranted to discern possible mechanisms underlying this cell specificity, which may involve differential adenosine receptor expression or a different local control of adenosine. Nonetheless, these data confirm the crucial role of the adenosinergic tone on modulating the stability of inhibitory transmission in hippocampal circuitry and open new paths for the study of local, adenosine receptor-mediated modulation of synaptic transmission, likely contributing to building effective therapeutic strategies for epilepsy.
ADK as an Upstream Regulator of Synaptic Networks
Although adenosine is a well-characterized endogenous anticonvulsant, suppressing seizures via the activation of A 1 Rs (Boison and Stewart 2009) , the role of neurotrophins in epilepsy is still a matter of debate. While BDNF can exacerbate epileptogenesis by promoting dysfunctional plasticity and circuit rewiring, it can also be protective against epilepsyinduced neuronal damage (Simonato et al. 2006; Paradiso et al. 2011) . Since A 2A R gate synaptic actions of BDNF, adenosine, regulated by ADK, might affect epileptogenesis and ictogenesis through a BDNF-dependent pathway that is independent from the A 1 R-dependent anticonvulsive effects of adenosine. The dual role of adenosine in epilepsy and activity-induced neuronal damage is further reflected by findings, indicating that A 2A R, by enhancing glutamate release, can exacerbate excitotoxicity (Marchi et al. 2002) , whereas A 1 Rs, by inhibiting glutamate release (Dolphin and Prestwich 1985) and NMDA receptor activation (de Mendonça et al. 1995) , have neuroprotective actions against a wide range of neuronal insults . Pro-and antiinflammatory actions of adenosine also occur (Ferrero 2011; Lopes et al. 2011 ) and should be taken into account whenever neuroprotective adenosine-based strategies are considered.
The identification of ADK as an upstream regulator of synaptic networks has pathophysiological implications that go beyond epilepsy. We recently demonstrated that adenosine dysregulation is implicated in the expression of schizophrenia-like symptoms in mice and that therapeutic adenosine augmentation might be of benefit for the psychotic and cognitive impairments in schizophrenia . Further, astrogliosis is a common pathological hallmark of many neurological conditions including epilepsy, Alzheimer's disease, and Parkinson's disease. Since overexpression of ADK has been associated with astrogliosis not only in several models of epilepsy (Gouder et al. 2004; Li, Ren et al. 2008; Aronica et al. 2011; Masino et al. 2011; de Groot et al. 2012) , but also in samples from patients with Alzheimer's disease or amyotrophic lateral sclerosis (unpublished data). Those findings suggest that overexpression of ADK and associated adenosine deficiency is a common pathological trait across several neurological conditions, which share a variety of co-morbidities including cognitive impairment and sleep dysfunction. Thus, our present data suggest that any pathological disruption of adenosine homeostasis has far reaching consequences on complex network functions.
Therapeutic Implications
Overexpression of ADK through astrogliosis and resulting adenosine deficiency are pathological hallmarks of the epileptic brain (Li et al. 2007; Aronica et al. 2011; Masino et al. 2012) . Consequently, adenosine augmentation therapies are considered as rational approaches for seizure suppression in epilepsy (Boison 2009; Boison and Stewart 2009) . Adenosine augmentation strategies are not only thought to be of therapeutic value for the treatment of epilepsy but also for neuropsychiatric conditions, such as schizophrenia, where adenosine homeostasis might be affected . The therapeutic efficacy of adenosine augmentation therapies might be tightly linked to their ability to affect homeostatic control of network functions . Our present results suggest that conventional pharmacotherapeutic approaches to modulate adenosine receptor function with selective ligands is not likely a viable therapeutic option for the treatment of epilepsy and may suffer the same fate as conventional pharmacotherapeutic strategies, which fail in about 35% of all patients with epilepsy. Rather, the therapeutic reconstruction of functional adenosine homeostasis might provide a unique opportunity to capitalize on the multiple signaling pathways regulated by adenosine and might be achieved by pharmacological or genetic modulation of ADK activity.
